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(71)|il«A 500607009 

95131 ^> *ft r^xXh hU>:/ 
;V n-H 370 
(74)'f^A 100059959 

*31± •t'tf tt (^1-9«> 



(54) [«W©«IW iWBWIfi***!*"^ 1 I il(iaft*LED©ffifi:&ife 



(57) (iSiE^) 

m^iix^^h. mmii. mm ( n> i . s ) « 



-SEEb 
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1 1 jsfiflBihfc 1 1 1 mm^T^m 
1 1 imsim'^T-ommm^iiSL^t. 
mil I iwMitW'^TVinmtmt^y'-^f^y}^'^^.- 

KrSlt-:;''r'!?y ^'>i-^^S^^^^ '^-^tSSPgiOlJ 
i fc i&^t-r&l8««2fc:ie««*tfe. 

[is*«4 ] mtm^i:mmmmi. mie 1 1 

imm 5 ] s9iES^^«rm-ti>aK«. line 1 1 
I ^m^7'om&bmity-7'^y ^ bnmziiA 

line 1 1 I^sS'^fc«)'^Tnfllat^c^l^^iS:irral«i:, 

b. 

[|f*«7 3 BirlEI I iKSftifiJ'STatSjifc-l^-rv 

b tin^wibi-hnnmeizmmm. 

I i^m^Ttimmbmi-t:^-?^ y h t oiatcftst 



i^-hm»iiKthfmb. ^mzt^. 

f^mtsat imii. mmmi itai ^msiz^^ 

zbt:mbtimmnzm<nm. 
imm 111 «^ 1 1 1 wsitw^Tomi:^ 

imb. 

m^\i^tf«^^^^'^^~><t■thmb , i^oc: 
t imbi-imm i <wie««:^. 

mm^i^i^^i'-y^'t^^b . i:lil,z-^tsZbi 
mibtm^i 1 l::iE«<^:&ffi. 

[ turn 13] WE 1 1 1 Ra^b«j^ToflBt*iig^ 

wzi^mtimb, 
fr-i.ifi*«iaett«:^a. 

[000 1 3 

m.itmzm-:s<mMmzm-h , 

[0002] 

[fiawJSttU] r I I laiSftftij Wt4j^x-rA{4. / 

;^rA«. ^WaeWC. GaN. AlGaN, A IN, 
Ga I nN, A 1 Ga I nN. I nN, Ga I nAs 
aVf. Ga I nPmistt. I I I ISSflSSilttl^s^ 

x^sn,ifittf^im.ti>mt&s (LED) oai 

izmh. Ztlh(OLED\i. 9t±ir^:*-VbU-f 
y^H-Ybi-^ts. 

[0 00 3] II IfiiaflltlLEDJJ, HKtC. Miif 

mmi>mwj:^^w±i.zmm-h:£.^y^'^^i^M 

$-&ti. I I Ii^^t;!fi5^«s5lfi<?)llBiCt4. hhfA 

{±S i Ctt>ier>iP^m^W&±.<<z^'±^hiWi: 
\.\ l^co i I IKSfl:1*lLEDr-fOXt:^=Jfj/'±|6l 
tSlfiW. 5t*<±®*»'^. ■f^i3-'=>, pSI I iSjS^b 
«!)lS-l-^T3t*%aj^fL&'£^*«*«>. UA»U, Ga 
N^rk'WpSl I img-fk!B)JBOS«!S;*<4, +^J-'3:« 
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<03tS:®lR-tS. Au«0jlffiOJiS10 0*>'/;^hD 
-A (A) m^L. }ii^mthb (j^NiO, 

)RS#li3t«0j«l. A = 5 0 0ty^-h/Knm) 

m»),iiltt, »0. 35x0. 35¥^r5'J-X-h 
(mmn «7)^^«rt'^<Ot«J5 0 5'J7y'<r (m 

A) \izm-th) xmth 1 1 immi^^i>m 

nf^5, 5 6 3. 4 2 2-tT, •9-7T'<rS«S-f!lfflL 
RXf n «ttM*^««*fa!i«L E D<0|S| td ( ±S? ) t-SB 

fiiX-ftl.. pSI I l^fk!ftJl«iSi'>JeJW»i. s« 
( mmzmtt ) N l a u 5 -y ^'tgSifc J: 0 . 

tLX^^immtizimm^iih. :t-s y:?fc?KyH 

( timi . 8 ) ±<^i 1 1 m.itmf-\ ( nm2. 
4 ) <05i®iiimtt(: J: 'oms^tLi . 

10005] 

f^gSO 92 1 577 A l-C, JbbJ-t7T^r«^ 

vssor, mi^^^^x-m^^fi. (xt:^' 

fc. SSIfj!i*'J^"C (<4O0x4 0 0^j5r5^'ny (// 



[000 6] nVK-^bW, RW!^i¥S0 926 7 

44 k2x\^7rAri:Mmmm-thmfm( 
iiitzht. u*>L, 1 1 immimftw^(^Agm 

jR^^r* U<?)IK, AgJiH^ 9, s^-b<0*- 
«6<)'J^"C (<4 0 0x40 OA<m«) , yl-y^r-j^A. 

WitL^^ztm^^i I ilSM{k1*!ixt:Jirttfflt::rt 
^.n, m<ni!^X'Xs^ttc-oX\^i>. 
[0007] >>"yt{4s r^^X^l^^'-BB (2 
4) J <0'<-i/'206 6*»^>2088lCt5l<^t, "^77 

LEDi&l85^L;t. 3|E|llSi. 2^^flp1Effis Ni/ 
Aiat^Ni/Ag. S-flJfflt. N i/AufcJt«t«> 

5 0x3 5 0/ini»<Oiiafc:*JV>r2 0inAT4. 9*» 
^5. l--K/l-h (V) OSv-^mSESrS^Uc. ;fll4, 
^if=5rJj--5 •y^'^Srj*oSa«^3<gm:ii5v^*«>l 0 

^am^tvmth. :ifiA,eosis*</]NaT (<4oo 

x4 0 0Atin2) l£l^«ffilii;5:CliTV^^:V^i7)T\ -tfl 

[ 0 0 0 8 ] X y K (b{4, mffWWBfWIifflfflSnV 

0 9 6/0 9 6 5 3-tCtJV^-C. S12(I*-rfeSf S i C 
SgfOSSitAI I iSiS'fkWLED^^UJt. I I 

1 ^imMii^ii s i c^'vo:t- s y ^'esteaii 

m\i. ^<ry{i!i^m\.znmm:fSMgk^imiL. 
^iT'i I iwM'Ve!m'&wm<^i:mwcfh. ifz. 

i<ox\ mmmimmth. setc s i emu. 

fiv^e?iJ»tS»Ci*LT«V%«^fS»S (P<0. 2*- 
i^-fey^^-h/w (n • cm) ) i:ht:t>-tfcMz, h 
-rS!^S<Xl)!iJS**J)6. S i CS^Hwwh**/?, 

i[yi±t. ia2tCfclt.6LED<omSW*»f)3t^6<rv 
[0009] 
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mmim:h^n':>mi i iimmmass. ( le 

D) -Chl. ±!Sn (>4 0 0x4 0 0Mm«)Sa 

^saaJis w^, isRit*, •y^' ( 1 0-2Q 

z^v^yh^mtl, «£Gi«»JISfHll. »«»2jc« (S 

ED)i}^hC0S^, iim*LED7U-. Sl^. 7-f 
- FA -x i'»J«3ta5:ft^ri; com^aigS-fii t SJtibtc s 

>1. 8) JJa3l«S-*tfifc*«f#6. 
100103 

[l6BB<')5at<0)B»] LEDf«t(<0lo<^«*Wfill8ft 
[0011] 

AT,»T,„.-T, = l^V,e„, 

(1) 

[0 0 12] ZZX\ T(,{4miajffi. I...t4fibcf^ 

[0013] 
[»2] 

i,„-AT/[eH{v, ♦URJl. 

(2) 

[00 14] vIwT, Vo(4A1ES«E(*JJ:-tI I I 
t\ R.J4, ISg<01I?i| 

[0015] 

= [AT, /(R. 0^.) + (H Vo«.)-]'°- V4 VJK • 

(3) 

[00 16] 5t3{4. Vo=2. 5V (a;gA*5»«j5 0 



i:<05a»ffitWLTT3.„= 1 3 0•C(7)^^cov^TEI 

3KrD-7b$*iTv^4. c:n'9<oA'7>-^'<oafie 

St^$i^TV>Si^:!^f■Ai:l^-HS^^■|>. Rsi:0j-„ia<o 
fi®14l«{af4. |13<^/57«^fOa!^*5^«0®fflffilSr 

<^«^. !»Miaii<ott5x:/7-yf (w) ma^ii. m 

... (t=5ri?<33taj:^]) SriSJiltS. a^'MlJiJi. ^ 

5?9StS:{4. K„i:m\Sti>mmXZnSiX'S)0.9i 
m&^li&^i-z-thtzMzm'^izi-ti&SiifihiZkli 

[0017] ffi^aeoiifti:* o-^<o I .„?:ffl^^ 

[0018] 
[fit4] 

(4) 

[00 19] ZZX\ L..,J4. V-yb-C*5il/ift;«c 
3tai:^), 77JiW/At'S$iX!tLED«0<flff3»*Tib 

[0020] 
[»5] 

(5) 

[0021] ZZX. >7i„t»4rtSft'P***> C„tW, 
LED (^ttffiSSi^t'J) S . ; O J: 3 tc , fi::*:l63KI&^J 

[00223LED^^'f com.n&tn.tm.tiib(om*^ 

wm»i,zmitmti<^x\ i^„immhtzibiizy 
-i^-^ x^misthzbmti^'^. ffstr^j^sr 

it^l. t , 1 iJcSt/ 2 »:(n^'^m.m^ Xb . Wti^ 

L E D A- 7 :>-- 'J(rM.-))iW^ b 
^:BI#C#§S/«:6. ftij'Jt::. V^^^XM. LED 

r!5:fIi^U^r-3 4, Ij (1 998#) (ClBttLT 
C^Si^t:, J^eO-C/Wt-ftS. LEDA-yy-xiO 

mi 3 owTj... i&is^-f ft b . fe»i^:>]«:/jJ4, 

( 1 30-4 0) /6 0=1. 5Wrj>ft. feAcA^tg 

^\tr^ni.o\z^t<zbii^X^i>. 

[0023] 
[»6] 
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<6) 

[0 0 24] ZZX\ J,„fiA/cm!f^$iXJtfiyc 

mS[?&ffi!t)^'i^Si:$itS. la^JJ^:>asa??jK^i, 5 0A 
/cm^-Cfih. 3 50x3 5 0*m2collHt33V^T. 
a««fi9iffin:li*«j3 00T*Os P3*«*«»4x 1 O-'O 

mt&mi^t. j,„=50A/cm2ai;vo= 

2. 5V («^?*^5 0 0nm«x4-;l'^itff«IC 

ijWJi^ti><^l'^^^^^'(W»li. 6. 7x10 
-3cm». X14. »«>8 0 0 x 8 0 03rm»T*6. 

[ 0 0 2 5 1 1 1 1 wmm!S(^ii6mmnt'Zi^. 

m'>x±mmi:mmh. tt-o-c. »aMai«<on:y> 
iz. nmmmti'nmi i im.itmrM-oxmz 
i-mmt. zixt>ff)mi. --mzmumWQh 

smtwies^riEsm. »2oo;/m3i^gHuttSf$<t«.'^ 

fiioT, 4 0 0x4 00;um2i'3:^#=5^ 

mi. mw(rmmm.i^<vmthtiih\,z, piEffi«o 

S^aO. SfV^I63KfiE*fflO$l»4. Mitf- >4 0 0 
x400;um2<0J:9Jw:^#<=S:lt*xtf=5:'c>=Sr>'^ 

fz»). :.fihmmi. ^Kn'mm/tmmt'^^x- 
^zmLxmk^mm^:^. 

[00261 aMEatKOJt«>t:iSJKK:R«6<f«r«S5^ 

nLXTnt. 04tcro.yNs<Tjttta5S!i^4, led 

^^-ffflja { 1 X 1 mm2 ) <^)itf:jK8aiBtf^WkCJ: 

ws-^mth. p«ffiis« ( xiiti) Kcxo*>«a 

^x-<r>pm!m.m<r)i i ij^a^iiftxh-arto^tibs 



= Ji«.(Vo + J,«.P.)A«r 

tc. 1?-7r'fT (nA*t«)l. 8) i: I I iKg-ftl^JXtr 

zcrmmx-mhi.hixti.mit. mm 

ij*t>9Mnmc^Vir>\.\X. ^5l43K<0»«jc o s 
( (1. 8/2. 4) -J) =66%t'fcS. dO«4, 

m^z^i)^'>xmt!^'^m'^iih. asa, as* (xe 

g|4Crn7bS*utT-^'TS^tfflO. P«lffiiS 
mzwmz^Xhh, zlx\i. W,iimnp'mX'(n 

t^xwfinmzizi\'^tz»)\z. mt\i>A o ox4 o o 
txm^^j:i:<r>imny^(^'t, mzn^xhb. mi 
%\>ttz%^mimx'hhif. womwAmm-^ 

■Vht 0«fi•Ct4^rV^. 

[ 0 0 2 7 ] 04 t2S?-r3tia3i»tT;He«{4. N i . 
24t^/XI4. AuSffiSrJ^j2fe^''fl5ttl4. 3S1)^h 
47% (A = 5 0 5nm) <0»a5»**i>)tfe-r:: 
^t. i AumffiSrl^tiE^coxe^'^xjSU: 

:^osst4, 4 3%ottaij»*srJ^. Ur>x. mm 

SrtiON i . RXf/Xii. AuOplEffiJi. flS*Stft 

*'t. AsopisfficwL, iate^^'fw. sejftSJBcjt 
Kxmtb%mzti\,^xi^^ . 7«<offl^s-^-r. 124 1 

mtiii:^mtbtzMzii. jE^Sf*JOpmffi®iD«4, 
2 5%*3S-Ci)S. 04J4. 505nm«Oi©^t'rDy 
<4. iSftt*>*»<>'o-fjEUv>. R»f$3t)«^lc7)#a-f«. 
I) k t,S*iT»i=5r'b^r<r^ pmSiiOSftlteCW^'Sv^k 

x-m^tiiXotz, mm)}i}'m-^i. 350x3 

5 0 ju in2 SSt** LX . ffl?!?c^Ey!SfiiJ±i|!>? 3 0 SIX 
S}*). 4xl0-2Qcm»SSOiSaSliitfflat*. 

X. PlW^lllffiDiti. lO-^acm^^mX'fyhZt. 

[0028] ^-sirnxux-irimmmit i£««ffi*i: 

toe-^Sr 1 1 iwm.^tmx^-ti><r>i.imix-h 

h, mm. Ag{4. A»^rpajr-5-yj'««ii*:f^ 

0. l^?!?fc:RStBn'ft**<> I I II5lg<bftB'^<0«« 
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b^'^'yX^hl, A Hi. mSHzmimcii^. pSI 

/10 0/150 0At'*l.. aW^CnMGa 
N^««Mfi, 3 0/15 0 0 A<oa«<OJp;ktj#-:>T 
i/A 

A^l,; fc*tf « J: p Cp«ffifc:l*AS*t4RJn» 
^ffi:ftSr»o, 0«ttf>4OOx4OO*«in«^:ir<O 

^i:m-fh)smm:m^h . m i mmmt. 

[0030106b lc^rf(Btffi0Sr#l!a'tS i: . SS?S 

h'-r*}!!!Sl 1 1 b pMM 1 2 i: «-^35i*tStt 
UlSl 3CSatLTV^4. I I iStSfttlll lii. Bt 

li. 1 1 im.mmim(ntz)b<o&^miz^j:hzb 

tht. &W.<^Wk (>4 0 0x4 0 0)Ltm2) ti. 
a20<?5racgl5*tll.nmffi22<0 r^^yXfj 

•rs. u^mffiiesti, fflcisflsfii (wm'&i i 

isv^TSSSii. t^r*>-fe. 3C3(cS1-J:o^r«V\fi:»c 
ms^^i^^h, Zff)J:ol,z, mtJfA^iutnS 
fieeSii. :^»3tSfe>3*-ft:*:t:-fS:*:lffleStt<fi« 
f*S. ^SIEJi, 3t**lf0SOJi*^JJiS«l 0 5: 

v>p«s&a»92os-fieffl-^£<r^(::j:o. ^ffiF^na 



E DjicaJift^'CW p «ffiW««*«>t;^»t 2 5 ?g*8lt 

yhb<^fSii^misi-th. m^^tix^-^hmmm 

(MiJf. Pd-In-Pd) . k\iX9'yYK>yr, 

XI4. ^4^!tv^•yrA»<^fp^^1.Tt)J:v\ 
coo3iiffis««»4. m^y^vx-xAim 

5 4 Lt L E D k ■tT''?'^ y h fc fcSX 0 Wt'bil 

9y3.-y^mmvt±9,x'hh. jUfflxgJi. ftiwcffi 
Kmmi^ bWftb ^m>i . i o<of w-c^ 

(4, '<-Xh*<-t>-7'-7'>yh'>x-AX«LED±«DE 

iS^aiR-tsfcfjtc^^BSixi.;^^' y->'EPi5!iJ!vat'fc 
m<r>tiimi. u^b:!-?. ai^. 'J7 

-i±mm^±^4 1 mz-fy-^'^y y-±co^^^^ 

X»4, LED^r^ ±.i,zmhtilJ'<:^~yit^ixfzm, 
:i^-(kl4 2<0A-(r«:aLTJe*$*l*. SiiSl^ 

vgtt'ft®4 2i4. patxn^ffiiafii^aw«®i:tt 

as. »4^;t'JB4 l^SpaiXn^ffiOp^rCHoTjitr 
{4, {4^/>:^«g^S5 4^rA•:}'-y'fb■f5^i:^-J:OI^ 

«l»Urt»J:v^. MSWte. 3^flJ^r^4^fe*S:^f:^v':;y 
;t{f<2. 0W/mK5rirtffSfc/h$V^<7)T. 

^-j). pfi.immmx<o^^b I'aTi&ixbiis:^ 
{4. d&x-mtzbti^x'^i. 

[0032] 
[»7] 

limtmm (7) 
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[0 0 3 31 ZZX\ t^dC(/t„ii[^!fi-. P.aVp.. 

WcW-i^Wfi^ E D CO p at/ n ^MM<r>tSiX-'JliStct: 

^nff^mx'hh'mii'hi. ^tix-i^t^. meac^m 
mma. «58 5 %(4^/i»aKH ( p i8ffiiii«2 o c 

(Omfimmi. P«ffi2 0<0-ffl^i•Sr^^Tn^Si2 2 

mi, tmrnzx-yxjihix-r, ■tf^'^yh'^n^ 

m^'Simvf>i>. wO|gtt»lB«4. 06a*»^>EI6b 
t J: •) , L E D AaKaoi«IS«-ii-5TT*'^«h.6 

[00351 {4^tf u 7 D- • <i^3^f 
■k^<7)mms.i:mihm.x'S.*^titt, LEDt-v 

^yi^^-^^E?!l•ts^«|6)*«^>l.. cKxtcio. led 

HoUSfiJgffim, pat;n^4^/■>:A•.y H4 1 5:*ff ^ 
Ji, ±K:y:)ri«ItiESie?iJ<^«r»o. 

( 0 0 3 6 1 H8 t, . i^Ofommmi, 

lfM«<0^4^«: r»j i: L.t^4^/c^tg:&S4 1 Sr5^ 
yAt-^-f-7^v\-t<rmz>{^mh 

■hmtA.fimm!k\,z)icmhti>h'(:hh, -mtm^ 

T^SfiS. -«=5rSF)B{4, i;7o-tW=S<}$ 
LED:r-f*«ffl<WS:RSC. ¥ffl<^LEDK# 
ttjl|ua*«a*^&ii:«4. MitfLED^^>f<oaii4^*«1>- 
T'-?'^ y Y}cfry^mmWA(n%t»>X'Simzhi>^ 



'f <7):^ifi]f4. LED7yrxJ4>';^rA<offlj<?)3K^a 

[00371 09 *#!i-r6 1 > Sy<7)*ifSje®J4, «4^ 

^4^^'A>ro»f^^43ifl«*IST'fto. n««it'<o 
^4^A^«R*-H^^c^lis<^^«BSftffii&ii tT!P«rt 

[00381 01 OaRU^Hl ObH«-'5f^^-f¥®ai/ 
BXft'f y^7x-;^t4, ^^■yrffll4^^t:V^)' Ktci 0* 

fii$<x6. ?»^^®'i^tt'6^«>K, fibl*^4^/^if^ 
m-^zx^ttii^h, ft»^4^;t*8^Bffflffl«^:l|}'W^* 

iS®lc*i LT^4^JtV^'i^7•^0t 7 f-S-SlS-f 6 . (4^/i' 

J4, 1 0 0>umlI@<O/N'vrC*tL, 2 0 0 /i mfafi 
4. lmm*£0:/'f IC«L. 5?iJ<01 0 OMmSS<0-'< 
>-r*f|eK»rfiEt-i>S. 01OaS:#Hgi-St, n^--/ 
Kt«L-Cl?lltt2ocOA'yrt'*>&. v^'^%7AVii 

«<^^r< i 1 1 5%inmstL*. ^4^y^ffl«c5eH 

tf, LEDi^'f<0^«lttA«''<^->'t4. 08t:5tt± 
;tv-vyr{45:fc, plEEffifflt4x'4<??ru-ayfn^ 

mz^icvr'^7^2<m^th, HI 1 aat;fiai l b 

!4. ii^mm&mmmin^ . 01 1 ai4. led^^ 

±^0<4^;tV•«•y F4 lfflO/N*^'-y-fbSiXJt^ft:4 

2nz><>Ar^isK3'^^samkm-. /t^'-y 

■(b$ii^clf|1S«c5 3(ct4. 1^/-7'>y^±co{4^/•v:V^••y 
h'5 4fflC^'v'f r3Sf«ia»t^>it&. 01 1 blC^-f^ifiJB 
ffil:teV^T, LEDr>f±^0{4^nfB^^ig^R4 H4. J4 

ot:^#<#'^f».'?). i<7)es, ^4^:t'mlKH*«Ell 

1 aWl'<?o>'N'yro^H-$:fiiS.rfci:^:S. i^:. 
l4^/>:/?^4VII±^8^^'•t5. ::itA>coM^-<?)ie*J4. <4 
^Jt'»^tfo»^^^sr« l . l e d ^^-y *«ift&D u/^jt* 

[OO39l012a*>f>012bl-^1-ji'), "tT'V 
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2al4. LEDJS»WH0T*S. {±^/>f5Igg&E4 

np^^'m4 2{zt^i>m&^ti.m. 01 2b(4. ■tT' 

M4, Mi.«Si^if<0S«5 0S"&O. W;e.lfS iO 

ttStS^WtSSK^^T-ttiv^. AgXJiAl^fc'<O^E 
«a5 2»4, 7'f-\'-i<yT-< V/tLTOd**, LED 

tifih. ^m!SiS2<r/mw,i. m\^. led^-t 

«S-»*tl>A:ftC7-f-\'>if>'T-f y/^iRIKSS 2«0 
±fi|5{:-''?^'-i'fl:$<X&. C:a<'>cOV<:?-V{i, LED 

^^-^<^l4^/^5rBg&JR^ftS4 lo-f-iit^frfi.. le 
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:. Method op Making a in-NmuDE UGHT-EMrmNC DEVia with increased Light Generating 

Capability 

The prescQt inventiun relates to semicoDductor light emitting devices, and moiB 
partlcuJarly to m-nltxide based light-emitting devices with improved light generating 
capability. 

A **in-iiitride'* material system I3 any combinatiOQ of group in and group V 
elements, with nitrogen being the primary group V element to fonn semiconductors used 
In the fabrication of electronic or optoelectronic devices. This material system inchides, but 
is not limited to, GaN. AlGaN. AIN. GalnN. AlGalnN. LoK. GalnAsN. and GalnPN. The 
nitride material system Is suitable for the fabrication of light-emitting deTices (LEDs) that 
generate ligjit with photon energies from the ultra-riolct to the red spectcal wavelength 
regimes. These US^s include light-emitting diodes and laser diodes. 

A m-nitride LBD typicaDy indndes epttazia] layers deposited iqwin a suitable gnswth 
substrate to ibnn a p»n Junction via growth techniques, e.g. organometallic vapor-phasc 
epitaxy. There are some unique challenges in the fabrication of Ui-nitrlde semiconductor 
devices. Because m-nitride substrates are not commerclaUy available, the epltajdal growth 
is Ibrced to occur upon non»lattioe-matched substrates. e.g. sapphire or SiC. The epitaxy- 
up orientation of the conventional m-nitride IW die xtquiics that light be extracted out 
the top surface, Le. out through the p-type nX-nitride layers. But the high resistivity ofp- 
type m-nitride layers, e.g. GaN. requires that metallization be deposited on the p-t^pe 
material swliace to provide sufllcient cuirent spreading. Because such metals absori? light 
a very ^ p-electrode metallization (e.gn Ni/Au) is typically used to allow light to escape 
dirough the top surface. However, even these thin semi-transparent layers absoifo a 
rignificant amouat of light. Assuming a t^iTical thickness lOOA oT Au and neglecting Ni 
(which may be oxidiied to fonn transparent NiOJ. the amount ofligbt absorbed in tliis 
semi-transporent p-electrode is ^25% per jsass at X= 500 nm. At high current densities, 
the metallization thickness may need to be increased to maintain uniform current injection 
into the active region, and to avoid generating most of the light in the vidnity of the 
whebood pad. Increasing the metal thickness increases light absorption and reduces the 
extraction efllriency of the device. Clearly, this tradeoiF should be avoided In the design of 
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in^nitride LEDs for operations at high current densities (> 40 A/cm^, which is --SO mA into 
a ^ 0,35 X 035 mm- jxmction area). 

In Figure I, Nakamura et. al., in U.S.P.N. 5,563,422, disclosed a tj'pical prior art 
m-nitridc I£D empIoA'ing a sapphire substrate. Undoped and doped Ill-nitride layers 
surround an actii*e region. A non-planar device geometzr Is necessary where contact to 
both p and n regions occur on the same side (top) of the LED since the substrate Is 
electrically insulating. Also, two wirebond pads are required on the top of the de\ice. The 
n-side wirebond pad is also an Ohmic electrode for making electrical connection to the m- 
nltride epi layen. The high resistivit}' of the p-type m-nltridc lajxH requires current 
spreading to be provided by a thin semi-transpaient (partially absorbing) NiAu Ohmic 
electrode that Is electrically connected to the p-type m-nitride layers. Light extraction 
dTiciencj' is limited by the amount of surface area covered by this Ohmic electrode and by 
the bonding pads. The optical losses associated with the Ohmic and bondpad metal la3'ers 
are accentuated by the light-guiding nature d'the lU-nitride materials (n -2.4) on the 
sapphire substrate (n -*1.8). 

Inoue. cL aL,iii EP 0 921 577 Al, disclosed a prior art m-nitride ££D having an 
epitaxy-side down or inverted structure where the fight escapes predominantly upwards 
through a superstrate. l.e. the sapphire growth substrate. Hie device design conserves 
active junction area and pnnides for the smallest possible die size. The p electrode is made 
of Ni and Au, which are quite absorbing to visible light. Since this device lacks a liighly 
reflective p-electrode metallization, it is limited in terms of light extraction eiDciency and 
does not oifer a significant improvement over the conventional (epitax^'-slde up) device. 
Also, because the devices are small (< 400 x 400 (im'} and use a small sokler connection 
area to the package, they are limited In their light generating capability. Finally, this 
device suCEers in eilicieDcy irom ha\ing guided light trapped within the in*nitride epi layen 
because of the low-rel^cttve-lndex sapphire superstrate. 

Kondoh et al, hi EP 0 926 744 A2, disclosed a prior art inverted ID-nitride LED 
using a sapphire superstrate. The p-type electrode Is sliver, which is very xeflecttve in visible 
light and results in a device with higher light extraction efficiency compared to the device 
disclosed by Dotoue et. aL However, Ag adhesion to Ill-nitride material is poor. Upon 
annealing, Ag can conglomerate and destroy the Integrity of the sheet Ohmic contact 
behavior and the reflectivity. Since the device Is relatively small (<400 x 400 pm') and 
uses a smaU solder connection area to the package. It is limited in its light generating 
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capabilit)'. FinBil3% this device suSm in eflicicQcy from having guided light trapped within 
the m-nttnde epi layers because of the low-reiractive-index sapphire superstrate. 

Mensz et aL. In Electronics Lettm 33 (24) pp.2066-2068, disclosed a prior m 
inverted m-nitiide LED using a sapphire superstrate. This device employs bi-layer metal p- 
electrodes, Nl/AI and Ni/Ag, that offer improved reOectlvi^ compared with Ni/Au. 
However, these devices exhibited high forward voltages of 4.9 to 5JV at 20mA in 350 x 
350 pm^ dei'lces. This yields a series resistance of ~100 which is more than three times 
higher than that of dexices with good Ohmic electrodes. The high series resistance severely 
iinuts the power conversion efficiency. Since these devices are small (<400 x 400 um~) 
and not mounted for low thermal resistance, they are limited ia their light generating 
capability. FinaUy, these devices suffer in efficiency ih>m having guided bght trapped 
within the m-nitrlde ^i I^ers because of the low-refractive-index sapphire superstrate. 

Edmond etal., in WEPO W096/09653. disclosed a vertical injection Hi-nitride LED 
on a conducting SiC substrate, shown in Figure 2. A conductive bufifer layer is required for 
Ohmic conduction irom the m-nitride layers to the SIC substrate. The growth conditions 
required for a conductive bulGer layer limits the growth conditions available for subsequent 
layers and Ikus restricts the quality of the ni-nitride active region layers. Also, the 
conductive buffer layer may introduce optical loss mechanisms that limit li^t esctraction 
efficiency. Furthermore, the SIC substrate must be doped to provide high electrical 
conductivity (p < 0.2 Q*cm] for low series resistance. Optical absorption resulting from SiC 
substrate dopants limits the light extraction efficiency of the device. These conditions result 
in a trade-off between series resistance and light extraction efficiency and serve to limit the 
electrical-to-optical power comxTSlon efficiency of the LED in Figure 2. 
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Summary OP THE iNvsmoN 

Tbe present inventioD is an invcxted m-nitride light-emJtting device (I£D} with 
enhanced total light generating capability. A large area (>400x400 lun^) device has at 
least one n-electrode which interposes the p-electrode metallization to provide low series 
resistance. The p-electrode metalllzatloa is opaque, highly reflective. Ohmic (specific 
contact resistance less than 10"^ Ocm^). and provides excellent current spreading. Light 
absorption in the p-electrode at the peak emission wavelength of the LED active region is 
less than 25% per pass. An Intermediate material or submount may be osed to provide 
electrical and tbetmal connection between the LBD die and the package. The submount 
material may be Si to provide electronic functionality sndi as voltage-compliance limiting 
operation, protection firom electrostatic discharge (ESD), series*strlng LED arrays, and 
Teedback-controUed light output. The entire device, including the LED-^bmount interface, 
is designed ibr low themial resistance to allow for iilgh current density operation. Finally, 
the device may include a hlgh-refracttve-index (n > 1.8) superstrate in which further 
improvements in light extraction efficiency arc obtained. 
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BRIEF DBSCRIPTIQN OP THE DRAWINGS 

Figure 1 shows a prior art m-nitride light emitting de\ice with a sapphire 
substrate. 

Rgure 2 shows another prior art Ill-nltride Hghl emitting de\'ice a SiC substrate. 
Figure 3 shows maxUnum Torwaitl correat as a function of the ]unction*to-ainbient 
thermal resistance. 

Figure 4 shows 1£D extraction eiBcienc}' as a function of p-elcctrode absoiption. 

F^ure 5 shows light trapped In a prior art light-emitting de\1ce. 

Figures 6a-b iOustrate the plan and cross-sectional views of an embodiment of the 
present invention, respectively. 

Figure 7 illustrates an embodiment of the present Invention. 

Figure 8 illustrates an embodiment of the present invention. 

Figure 9 illustrates an embodiment of the present invention. 

Figures lOa-b iDustzBte the plan and cross-sectional views of an embodiment of the 
present invention, respectively. 

Figures lla-b illustrate cross-sectional views of the embodiment shown in Rgures 

lOa-b. 

Figures 12a4> lllustratB the plan views of an embodiment of the present invention, 
respectively. 

Figures 13a-c illustrate aheroate embodiments of the present invention. 

Figure 14 shows extraction efficiency of GaN/SiC Inverted Z£Ds as a function of the 
SIC absorption coeflicient 

Figure 15 illustrates an embodiment having an inverted pyramid design for the 
superstrate. 

Figure 16 illustrates alternate embodiments for the submount. 

Figure 1 7a-b iUustrates multiple series*intercoxmected light emitting structures 
according to the present invention. Figure 17a shows a plan view of the structure. Figure 
17b shows the corresponding schematic diagram. 

Figure 1 8 illustrates a multiple series-interconnected light emitting structure 
connected to the submount. 

Figure 1 9 fllustraties a flowchart for manufacturing the m-nitride I£D. 

Figure 20 illustrates a flowchart for attaching the m-nitride LED to a submount 
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DETAILED EteSCRiroON OF THE PREFERRED EMBODIMENTS 

One fandaiDental limiting condition or LED operation is maximum junctioxi 
temperature. Tbt maximum jonction temperature. is the temperature of the p-a 
junction region at which breakdown or failure occurs in some part of the LED or its 
housing. This breakdown often occurs as the glass transition temperature of an 
encapsulating epoxy or lens is approached, causing loss of transparency and eventual 
melting of these materials. With such a limit established, AT,, the temperature rise from 
ambient to Tj^, may be expressed as (assuming power convezsion efiicienc}' « 100% 
which is true for present-day Ill-nitrkle dexices). 

AT,sT,™-T, = U,Vr0i,, (1) 
where T. is the ambient temperature, is the maidmum operating current, and Vf is the 
forward voltage at that current, and is the thermal resistance irom the p-n Jimction to 
arot^ent Inserting a simplified expression for Vr, and re^writing yields 

I«„ = AT/[e^(Vo+.I„RJl. (2) 
where Vq Is the tum-on voltage (approximately the m-nitrtde semiconductor bandgap 
voltage) and R. Is the electzical series resistance of the device. Solving for 1^. yields 

= (AT, /(R, 0^ + V^']'''- % Vo/R, . (3) 
Equation 3 is plotted in Figure 3 for the case of Vo = 2.5 V (corresponding to an energ.v 
bandgap of wavelength. A ~ 500 nm) and T„„., = 130^ for varying \Tducs of R, and 0^^. 
The range of values of these parameters is consistent with die dimensions of -1 mm' and 
with systems that are weQ designed for heat zemoval. The rank bi Importance between R, 
and is determined by what portion of the graph in Figure 3 is governing the 
application. However, in most cases in Figure 3. a 5X/W reduction in thermal 
resistance mcrre efficient^' increases I^^ (and thus light output) than a - 0.5 Q drop in 
series resistance. Because series resistance derives from finite contact resistances and 
practical doping levels, it is diiDcult to reduce to arbitrarily low levels. Thus, it is clear that 
thermal resistance Is a significant lever arm for increasing and that it must be 
minimized to maximize light generating capabilit}\ 

With 1^ fixed by the Uinitatlon on Junction temperature, the maximum tight 
generating capablli^ is described in Equation 4: 

Kxa = n Inw (4) 
where L^ix ^ maximum light output in Watts and r\ is the slope efficiency of the LED in 
W/A. The slope eOicienq' is proportional to the external quantum etQcienc}'. such that 
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where ri^ is the internal quantum efliciencv and Cfg^ Is the light extraction efficiency of the 
USD. Thus, with a fixed active r^n efficiency (nni). maxbnum light generating capabiUt\* 
Is obtahied by maximizing extraction eilldency. 

Since both series resistance and thermal resistance of the LED die arc inversely 
proportional to junction area, tt is desirable to increase the die size to increase Ij^m* Scaling 
up the die geometrj' arbitrarily runs into practical limitations of primal}' and secondaiy 
optics sizes and power dissipation capabilit}* of the I£D package within a lighting ^'stem. 
Instead, the die size should be chosen to make efficient use of the allowable power 
dissipation provided by the L£D package. In ^ical systems, Junction-to-ambient thennal 
xtslstanccs are approximately - 60*^C/W, as described in HoUcr etal.. Electronics Letters 
34, 1 (1998). A quick calculation puts an upper limit on the power dissipation of the LEO 
package. Assuming an ambient temperature of 40**C and a of 1 30°C the maximum 
input power is (130 - 40)/60 = 1.5 W, The maximum input power may be written 

Pn« = WV,= If(Vo+URJ = J™,(Vo + J«„pJA*^ (6) 
where J„ax is the maximum forward current density in AJan\ p. is the die series reslsth^ity 
in Q-cm', and is the die area (in cm^). For efficient and cost-efiiective operation, 
reasonably high forward current densities are required. A suitable forward current denslt)' 
is 50 A/cm?, For 350 x 350 um' devices, a typical series resistance is - 30 Q, 
corresponding to a device resistlYity on the order of pi ~ 4 x 10*^ Q cm^ Assuming this 
same resistivity for Eqn.6. with J^* = 50 A/cm^ and a Vo = 2,5 V (corresponding to an 
energy bandgap of wavelength, A 500 nm). the required die area to achieve the 
' maximum input power allowed by the package is 6.7 x 10"' cm^. or - 800 x 800 |im^. 
SmaDer devices at this same power kvd would result in increasiag forward voltages and 
thus lower efficiency for the same cunent Likewise, smaller devices would run at higher 
temperatures because of increased die thermal resistance. 

Because of the high resistivity of p-t\T)e Ill-nitride la^^ers, LED designs emplo\' 
metallization along the ivtype layers to pnnlde p-slde current spreading. Therefore, 
because of the insulating substrate, the n-slde cunxnt spreading must occur through the n* 
type m-nitride layers. These layers are ti^nP^^y "'^ lun thick with resistivities of - 10*^ Or 
cm. To account for the negligible portion of a typical device resistivity, the distance 
required for cuirent spreading by the n-^ la\'ers should be kept less than ~ 200 ^m. 
Therefore, a de\ice larger than 400 x 400 fmi' requires multiple n-electrode Qngers 
interposing the p-electrodc to keep de\ice series resistance low. As shown above, devices 
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for high light generating capabillt}* mu^ be lange, e.g. > 400 x 400 |im'. Therefore, these 
dex'ices should employ an interposing n-electrode design. This design has serious 
implications for an inverted structure since the n and p electrodes must be kept electrically 
isolated in connection to a submounL 

For an inverted design, using highly reflective electrode metallizations is critical to 
improve the ejrtraction efficiency. Figure 4 shows LED extraction elDdenc}' vs. p-electrode 
absorption for an Inverted die design In comparison with the conventional (cpjtaxy-side up) 
dnice. The extraction efficiencies plotted in Figure 4 are detennined by optical ray-trace 
modeling of LED die structures (1 x I mm") and indude measured.optical properties of all 
the LED materials. AH of the Inverted devices that were modeled employ sapphire 
superstratES. whik the conventional devices (not inverted) use sapphire substrates. The p- 
electrode absorption (jc-axis) is defined as the percent of light absorbed per pass assuming 
illumination from an isotropic point source of light within the m-nttride epl layers adjacent 
to the p<lectrode at the wavelength of interest The p electrode is the dominant factor for 
light eictraction because it extends almost completely across the active area to provide 
uniform current injection into the p-D Junction. FurthermorB, the idiractive index 
difference between the sapphire (n-1.8) and the m-aitride epitaadal layers (n-2.4) results 
In a large portion of the light generated from the acthre region being totally-lntemally- 
reflected at the sappbire/m-nitride interface. The amount of light trapped in this 
wai'eguide is ~ cos((1.8/2.4)'') = 66% of the total generated light, for isotropic emission 
from the active region. Ibis light ts trapped and guided laterally along the device towaxds 
the sides ri" the die. as illustrated In Figure 5. While Figure 5 shows a ccmventional 
(epltaxy-up) structure, the wavegulding effect is present whether the die is epltaz}''Up or 
inverted. However, because of absorption by the p-ciectrodc. most of the wavcguidcd light 
is lost before escaping the device. For this reason, extraction efficiency is very sensitive to 
p^ectrode absoipdon as shown by the data plotted in Figure 4. This Is especially 
significant in large-area. e.g* >400x400 \im^, die since the number of passes at the p- 
dectrode before esc^ is very large. The n electrode is also an optical loss mechanism, but 
is less significant because it covers less device area. 

The ray-trace modeling results shown in Figure 4 suggest that inverted die designs 
having Ni and/or Au electrodes provide extraction efficiencies irom 38 to 47% (A=505 
nm). Conventional eplta3.7-side-up devices with semi-transparent NlAu electrodes have an 
extraction efficiency of 43%. Hence, a Nl and/or Au p electrode in an inverted device does 
not provide significantly improved extraction efficiency relative to the conventional design. 
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For an Ag p-electrode. however, the Inverted die exhibits a --LZx gain in extraction 
efBciencf over the conventiona! device. As shown explicitly in Figure 4. to provide 
increased light extraction beyond a prior art device, the p electrode absorption in an 
inverted device should be less than 35%. Preferably, the p electrode absorption is less than 
25%. While Figure 4 is plotted for the case of 505 nin. the trend in extraction elDciency 
vs. p-electrode absorption is true regardless of wavelength. It is also important to point out 
that, while reflectivity Is a prime consideration, so also is contact resistance. Poor contact 
resistance in the p electrode can result in a deiice with excessively high series resistance 
and thus reduced light generation capability as described by Equation 3. For 350 x 350 
^m^ devices, a typical series resistance is 30 Q, corresponding to a device resisthl^ on 
the order or4 x lO*' O cm'. The p contact resistivity should be much less than this to 
minimize its contribution to the series resistanoe. In the present invention, the p speciiic 
contact resistivity is preterably less than 10"-^ Q cm^. 

The combination of low optical absorption and low contact resistivity in a 
manufacturable process are difficult to achieve for Hl-nltrlde devices. For example, Ag 
makes a good p-type Ohmlc contact and is very reHective, but sulfers from poor adhesion to 
m-nitride layers and £rom susceptibility to electro-migration in humid eavirooments which 
can lead to catastrophic device failure. AI is reasonably rdOective but does not make good 
Ohmic contact to P't\pe m-nitride materials, while other elemental metals are fairly 
absorbing (> 25% absorption per pass in the visible wavelength regime). A possible 
solution is to use a multi«4ayer contact which includes a very thin semi-transparent Ohmic 
conuct in conjunction with a thick reflective layer which acts as a current spreading 
layer. An optional barrier hyec is included between the Ohmic layer and the reflective 
laj'er. One example of a p-t)pe multi-layer contact is Au/NiOx/AI, T3pical thicknesses for 
this metallization scheme are 30/100/1500 A. Slmilarl}'. a suitable n-type GaN multi-layer 
contact is Ti/Ai with typical thicknesses of 30/1500 A. 

Since the p-electrode reOectiviQr is a dominant factor in extraction efliciency. it 
must not be comprcxnised in designing Ibr manufacturabllity. Bven though on-wafer 
testilng oflm'erted m-nitride USDs is made difflcult by the opaque sheet metallization, 
methods for such testing must not require degrading the reflective nature of the p electrode. 
For example, openings or »ml-transparent regions inserted In the p electrode to allow light 
to escape upward during on-wafer testing only sen^e to degrade the elDcicncy of the 
fip^hf^ device, by effectively reducing the p electrode reflectivity. Other methods that do 
not compromise the p-contact reflectivity should be used. 
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The present invention provides for a large-area, eg. > 400x400 higli-powcr 
LED with maximum light goierating capability by reducing the thermal resistance from the 
p-n Junction to the lamp package while increasing light extraction. To accomplish this, 
the present invention uses an inverted structure employing a low resistivity, opaque, highly 
reflective p-clcctrodc. A first embodiment is shown in Figures 6a-b. 

In the cross-sectional ^iew shown in Figure 6b, the device includes an ni-aitridc 
epitaxial heterostructurc n-type and undpped layers 11 and p-type layere 12, each in 
contaa with an active region 13. The lU-nitride layers 11 are optional^}' attached to a 
transparent supeistrate 10. The supetstrate 10 can fae the growth substrate for deposition 
of the m-nitride layers. In the plan view of the bottom of the LED die shown in Figure 6a, 
the large area of the device (> 400 x 400 \im^) requires n-electrode 22 "fingers" 
interposing the p-dcctrode metallization 20 to spread current uniformly throughout the 
device. Such an electrode configuration is required in laige-area devices to provide a low 
series resistance (to overcome the low conductivity in*nitride la^'ers) and thus provide a 
high maximum drive current as spedGed in Equation 3. Thus, the interposed n-electrode 
configuration is required for lazge-area devices for maximizing total light generation 
capability. The device is inverted so that light may be taken out through the transparent 
supeistrate 10 as well as the side walls and provides good extraction efficiency by using a 
highly reflective, thick p-elcctrode mctafiization 20. The reflectivity of the p-clectrode is 
such that its absorption at the LED emission wavelength is less than 25% per pass, as 
described above. The electrode metallizations connea to submount electrodes 52 on a 
submount subsbate 50 via interconnects 60. The interconnects make electrical 
connection between the LED and the submount while providing a thermal path for heat 
removal from the LED during operation. Although the illustrated embodiments refier to 
solder, the interconnects may be made of elemental metals, metal alloys, semiconductor- 
metal alloys, solders, thennally and electrically conductive pastes or compounds (e.g.. 
cpoxies), eutectic joints (e.g., Pd-Li-Pd) between dissimilar metals between the LED die and 
submount Au stud-bumps, or solder bumps. 

The interconnects are atUched to the LED and submount via conductive interfaces 
41, 54. When solder Is used as the interconnect, the conductive interfaces arc wettable 
metals. An application process initially determines the interconnect thickness and area. 
One applicable technique is a screen-printing fn-ocess where paste is applied to select areas 
on the submount wafer or l£D. Other techniques include electro-plating, llft-ofl'. and 
reflow. .For an embodiment using sokler as the interconnect, the final interconnect 
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thickness and area are deternuned by the solder vohime as well as the wettable metals 41 
on the LED die and 34 on the submount The solderable areas on the LED arc defined 
through patterning of the wetting metals, or through vias In a patterned dielectric 
passivation la^^er 42 prm ided on the LED die. The dielectric passivation 42 layer acts as an 
electrical isolation layer between the p and n electrodes and is required since the solder 
layers 41 eMend across both p and n electrodes. The solderable areas on the submount are 
similarly deihied by patterning the solderable metals 54. In an alternate embodiment the 
wettable arras of the metallization 54 may be defined by a patterned dielectric layer. A 
second set of solderable metal la^^ers 35 may be deposited on the back of the submount for 
attachment to ±e package! Optionally, a suitable solder can be deposited directly on the 
back of the submount Because the thermal conductivity of any undeiiUl material between 
the LED and submount is very low, e.g. <2.0 W/mK, the junction-to-package thermal 
resistance is largely governed bj' the dle/submount solder Joint and the submount material 
and geometiy. Assuming heat generation at the p-electrode metallization and one- 
dlznensional flow and ignoring the tbennal resistances of thin layers and the submount- 
package solder joint the Junction-to-package thennal resistance may be written as 

©H» = (t/A + WP J /A.. {dielectric ignored) (7) 

where t; and are the thicknesses, and p, and pm are the thermal conductivities, of the 
solder and submount respectively, and A. is the total cross-sectional area of the solder. As 
shown in Equation 6, the solder area» A^ controls thermal resistance. Hence, it is desirable 
to cover the entire surlkce of the USD die with the solder. This is not possible as electrical 
isolation is xtquircd between the p and n electrode regions of the ££D. Also, the width of 
this gap between the n and p solderable metals must account for tolerances in die 
attaching to the submount Bven so. the embodiment in Figure 6a provides '^85% solder 
coverage (defined as the ratio of solderable metal area 41 relative to the p electrode area 
20). 

An alternate embodiment to that shown In Figures 6a-b includes a sheet 
refliBCtor that comprises a portion of the p electrode 20 and extends beneath portions 
of the n electrode 22. An intermetai dielectric is formed between these regions of 
the n-electrode and the sheet reflector. The hitermetal dielectric provides electrical 
isolation between the n and p electrodes in these regions. Other portions of the n 
electrode are not covered by the dielectric, to allow electrical connection to the 
submount This embodiment reduces light leakage downward through gaps in the 
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USD metallization, compared to the embodiment shown in Figures 6a-b, by reflecting 
this light upwards. 

The interconnect between the LED emd submount is made when the solder is placed 
in a rellow oi'en at a temperatore above the solid temperature of the solder alloy. During 
leflow. capfllaij' forces and surface tension tend to align solderable metal areas to the 
solder sheets. Tills allows for some sclf-rcalignmcnt of«the LED die to the submount wafer. 
This self-rcaligimicnt can be exploited through the use of a fast die-attach machine, 
allowing one to trade-oDf initial dje-attach accuracy for speed. Further breaking up each p 
and n solder sheet into multiple sheets can improve self-realigoment In Figure 7. the 
embodiment shows the p and n scdder pads 41 in pain. The gaps between the solder sheets 
are determined by the accuracy of the die-attach machine. The embodlxhent of Figure 7 
has superior self-realignment characteristics in the x and y directions while the 
embodiment of Figuiv 6a has predominantly self-realignment characteristics in the y 
directioiL 

In Bgure 8. the alternate embodiment shows the solderable metals 41 as solder 
"lyars" of equal area. This design has the benefit of good self-realignment along with 
unHbrin wetting of the solderable metals during reflow. Uniform wetting occurs because 
the forces applied between the die and submount are proportional to the area of solder 
wetting. Uniform wetting is achieved by using a wettable metal pattern that consists of 
regions of equal area. Uniform wetting prevents the IH> die torn tilting during reflow and 
&e subsequent cool-down. Maintaining a planar USD attach process means the LED die is 
less likely to undergo failure mechanisms. e.g. shorting of the p-n Junction, which may 
emerge in the case where portions of the LED die are in close proximity to metallized areas 
on the submount. Also, the non-tilted I£D die orientation provides Improved light 
coupling to the other optical components in the LED lamp or system. 

In Figure 9, another embodiment shows the n region solderable metal changed to 
pads for solder *'bumps^ The wafer fabrication process is simplifled since isolation between 
tiie n and p electrodes are no longer reqdred in the vicinity of the n solder pads hence 
eliminating the need for the dielecuic passivation layer 42. The solder bump fabricatton is 
an industry-standard practice, allowing solder connections at the n electrodes to be 
pnnldcd through wcll-cstablishcd manufacturing techniques. 

In an alternate embodiment, the plan and cross-sectional views shown in Figures 
10a and 10b respcctlvel>\ the entire solder attach interface is provided by solder pads for 
bumps. To minimize thennal resistance, the number of bumps is maximized to increase 
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the final cress-sectional solder joint area, while minimizing the final solder thickness. The 
number of bumps is dictated bv the state-of-the-art in solder bump fonnation which puts 
limits on solder-bump pitch for a givoi bump diameter. A trpical pitch is 200 vm for 100 
pm diameter bumps. For a 1 mm' die. five rows of 100 \im diameter bumps are feasible. 
In Rgure 10a, one row is two bumps for the n pads. The n-electrode lingers limit the 
number of bump rows along the p-electrode metallization to four. In this design, the solder 
area cross-section is maintained to be at least 15% of the area of the p-electrode. 
The solder area cm^erage may be increased by expanding the wettable metal surface area 
beyond the small vias required for individual bumps. For example, the wettable metal 
pattern on the LED die may consist of bars, shown in Figure 8, while the solder bumps on 
the submount are still in the fonn of a 4x4 array for the p^ctrode plus two for the n- 
electrode. Hgures 1 la and lib show cross-secUonal views of this cmbodimcnL Figure 
11a shows an embodiment that includes vias within a patterned dielectric 12 for solder 
pads 41 on the LED die. Likewise, a patterned dielectric 53 Is provided with vlas for solder 
pads S4 on the submount. In the embodiment shown in Figure llb» the solderable metal 
41 on the USD die Is made larger than the solder bumps hi order to allow the sdder to 
spread out and wet an area much lazier than their Individual diameters would provide. 
This results in a solder area coverage in excess of that of the sum of the individual bumps 
in Figure 1 la. Also, the solder thickness Is efliBcttvely reduced. Both of these effects reduce 
the thennal resistance of the solder Junction and allow the LED die to be driven to higher 
cuxrent densities for increased light output 

It is further possible to form the solder into arbttraiy shapes other than bumps to 
match the wettable metal patterns on the LED to provide for a device with excellent 
thermal contact to the submoimt. shown In Figures 12a-b. Figure 12a shows a plan view 
of the bottom of the LED. Solderable metals 41 are patterned on the p-electrode 20 and n- 
electrode 22 metallixadons, defining wetting areas for the solder during reflow. 
AltematlTeb'. the wetting areas may be defined by a dielectric passivation layer 42 as 
shown in Figs. 6-8. Figure 12b shows a plan view of the submount While the lateral 
submount geometiy is arbitrary, a hexagonal design is shown. The submount includes a 
substrate 50, e.g. SL. An optional dielectiic layer Sit e.g. SiOj. may be hicluded for 
electrical isolation between the die and the submount substrate. Altemattvelyt the 
submount substrate may be electrically connected to the LED die for integration with 
electronic circuits fabricated into the submount subsunte. Metallization 52. e.g. Ag or Al. 
is provided as a reflector for downwardly emitting Ughrfirom the LED die as well as for 
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wirebonding, A break in the metallization 52 is provided to electrically Isolate the p and n 
regions of the LED die alter attachment. Solderable metals 34 are patterned on top of the 
wlrebond metaliliation 52 to define wetOng areas for the solder during rellow. These 
patterns match those of the solderable metallization 43 an the LED die. As for the LED die. 
the wetting areas on the submount may be defined by a dielectric passhration layer 53 as 
shown in Figure 10b. Solder material 60 Is deposited on the submount solderable 
metallization 54. Alternatively, the solder material 60 may be deposited on the LED die. 
The edges of the solder may be recessed slightl}' from the edges of the solderable metal 
patterns 34. Control over the solder layout, defined by the wetting areas 41 and 34 and 
solder pattern 60. depends upon the solder application process. It is preferable that as 
much of the p-electrode 20 as possible is covered with solder after rellow. The wetting 
areas in Figures 12a.b provide -66% coverage of the p-electrode 20 with solder. While the 
solder layout in Figures 12a-b is comprised of bars, arbitraiy patterns are certainly possible 
and allow for hirther increase in solder area coverage of the p-«lectrode; 

A suitable interconnect between the I£D and submount can allow the maximum 
operating temperature of the LED to be bncreased beyond 130^, the typical maadroum 
rating. This is the case when Hie Interconnect is thennally stable at temperatures greater 
than 1 30*^. In the case of solder, therefore, it is desirable to use high-temperature solden. 
e.g. 95/5 Pb/Sn. AuSn, AuSi. and AlSi. for this Interface. A high-temperature interconnect 
raises the maximum Junction temperature of the IS) and provides a significant increase in 
masdmum driving current and thus light generating capability. 

It is important to maintain the integrity of the p electrode during solder reflow. 
That is, the reflectivity and contact resistance of this layer should not be degraded by the 
presence of solderable metal layers or the solder Itself. Such degradation may be caused by 
metal Inlennlxlng between tlie p electrode and the solderable metal layers, or by strain- 
induced effects such as delamlnation. For this reason, it may be necessary to provide 
barrier layers between the p electrode and the Solderable metals. Suitable barrier layers 
include, but are not limited to. Ni. Cr. Cu. and Tf. 

For large LED die dimensions, the difference in the coefficient of thermal expansion 
(CTE) between the UED die. the submount and the casing, may cause fatigue and eventual 
failure at the LED/submount attach interface under thermal cycUng stress conditions. The 
CTE problem is most likely to occur for large sheet-solder attach designs than for smaller 
sheets (or bai^ or bumps). Therefore, smaller solder shapes may be a preferable method for 
atuching large USD die. Also, thicker solder slieets or taller solder bumps may provide 
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more compliance between the LED and submount, reducing the risk of failure. The trnde'- 
off here between minimizing thermal resistance and the onset of CTE problems results in an 
optimum solder attach design for a given LED die size. For a 1 mm^ die and 15% solder 
ai^ coverage, the solder thickness may be as little as 20 (im without causing failures 
during temperature-cycKng stress conditions. 

Light extraction of the LED can be increased by pnnlding a textured surface at one 
of the interfaces of the m-nltride heterostructure. The texturing may be random or 
ordered. This is illustrated in Figures 13a-c. Figure 13a shows an inverted device 
emplo}iDg a sapphire superstrate. The large refractive index mismatch (n - 0.6) between 
the sapphire superstrate and the m-nltride epitaxial layers results in a large portion of the 
light generated firom the active region to be totally-intemally-reflected at the sapphiieAn* 
nitride interface. This light is trapped and guided laterally along the de\'ice towards the 
sides of the die. Howe\7er. because of the many loss mechanisms present in the m-nitride 
epi layers and electrodes, most of the wavegdded light is lost before escaping the device. In 
Figure 13b. the interface between the ID-nitride heterostructure and the sapphire 
superstrate is tesrtured in order to scatter light out or±e ni-nitride layers. This reduces the 
mean photon path-length within the heterostructure and reduces the effect of internal 
absorption, thus improving light extraction. A similar effect can be achieved by texturing 
the bottom surface of the ID-nitride heterstmcturt. or at one of the interfaces within the 
heterostructure. Multiple interfaces may be textured in combination to further increase 
light extraction. 

In an alternate embodiment, light extraction is hnprovcd by providing an inverted 
die configuration which inchides a high-reiracttve-index (HRI) (n > 1.8) superstrate that 
has a closer index match to the ni-nltride laj'ers (n-2.4) than sapphire (n-'l.S). A closer 
index match to the Ill-nitride layers making up thct light generating regions allows more 
light to be coupled Into the thick superstrate and allows light to escape into the ambient 
before absorption at one of the many loss mechanisms present in and around the m-nitride 
epitaxial layers. Figure 1 3c illustrates such an embodiment, wherein a SiC superstrate is 
used. The refractive index of SiC is ^2.6 and is much doser matched to GaN than sapphire 
is. Thus, there is very little probability for total internal reflection and consequently no 
waveguide is formed within the lU-nitride layers. Virtually all light generated from the 
active region is coupled into the superstrate and has a high probability for escape through 
one of the five exposed superstrate surfaces. Even with an HRI superstrate, further 
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improvement in light extraction can be gained bj texturing one or more tateifaces of die 
m-nitride heterostnicture. 

To derive ftiJ) benefit of a HRI superstrate, the superstrate must be substantially 
transparent with verj' little absorption. Thus, for SiC. the superstrate should be lightly 
doped or not doped at all. and the growth method should prondc a superstrate relati%'cly 
Iree of Impurities to provide a very low loss optical window for the LED device. For 6H SiC. 
this is generally the case when the resistivity' is greater than 0.5 Qcm. The effects of 
absorpUve loss within SiC are quantified hi Figure 14, where extraction eOciency 
(nonnahzed to a device using a sapphire superstrate) is plotted as a function of distributed 
loss (absoxpUon coefldcleDt in cm*0 within the SIC superstrate. These results are obtained 
by ray-trace modeling of the I£D device structures. Three different thicknesses of SIC are 
shown. For a SiC superstrate ~ 100 pm thick, the absorption coefBclent should be less 
than 3 cm"*. For thicker substrates, the absorption coefficient must be bwer. In the case 
of a lossless SiC superstrate. the ex-traction efficiency gains are greater than 1.2x' over 
earlier embodiments within the present invention. 

There are many HRI superstrates suitable for improvfaig the light extraction 
efficiency of a m-nitride I£D. In addition to SiC In its many different polytypes (2H, 4H. 
6H. both c- and a-aiis. 3C. etc.). other materials such as ZoS. ZnSe. YAG. or 7nO, may be 
used. The HRI superstrates may serve as growth substrates for the ni-oitride epl layers or 
may be attached to the m-nltiide epi layers by bonding or a second growth step. 

Significant benefit to extraction efficiency may be obtained by providing a light- 
randomizing surface at one or more of the faces of the HRI superstrate as well oo or within 
tlie in-nitride heterostnicture. Such surfaces are provided natural)}' on device sldewalls by 
sawing. Tor example, or may be achieved by other means, e.g. etching. Also, the 
superstrate may be shaped to provide for impitn'ed extraction efficiency as shown by 
Krames et aL in AppL Phys. Lett 75. pp. 2365*2367. One such shape is an inverted 
pjTamld design, such that the top sur&oe of the superstrate has a surface area larger than 
that of its bottom surface. This embodiment is illustrated m Figure 15. 

The submount can provide functionality and affect performance. Because it is in 
the thermal path for heat removal from the LED, the submount material should have high 
thermal conductivit}\ Suitable materials Include Si. AlN, or BeO. The submount should be 
relatively thin to reduce thennal resistance. For example, a Si submount shouU be less 
than 250 }mi. Si is attractive as a submount materia] because of its good thennal 
conductivity', -*100 W/mK. and capability for integrated electronics. The submount may 
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provide an electrical isolation between the IH) and the package. In this case, two 
connections for the anode and cathode are required on the top surface, of the subxnoont to 
the package leads. AltematlTel}\ IT electrical isolation of the package is unneoessair and if 
the submount is conductive, one electxxxie can be contacted through the submount to the 
package. Then only one interconnect is required from the top of the submount to the 
opposing lead. The top surface metallization of the submount should be wire bondable and 
also reflecth'c. to redirect downward travelling hght upwards with high efficiency. Hence. 
Ag and Al are suitable choices for the submount top surface metallization. 

The submount shape, as well as the specularity of the reflective metallization atop 
the submount can Impact the optks In an LED lightins system by ailecting the apparent 
source size of the I£D, Most I£Ds require a reflector cup to redirect light emitted 
predominantly laterally firom the die upwards and within the useful radiation pattern. The 
larger this reflector cup must be, the larger the primary and any secondary lenses must be. 
Since optics costs are proportional to the volume of material required, it is desirable to 
miniTTiigff the reflector cup radius. The inclusion of a submount efliectively increases the 
size of the LED dte. because of the extra space needed for wirebond connectloiis. Typical 
wirebond tolerances require that •^400 pm material extends beyond the LED die for reliable 
wirebonding. Also, dicing the submount wafer requires '^lOO Mm of space between 
neighboring LED die. These tolerances result in a signilkant eifectlve increase in LED die 
size. For example, a Ixlmm^ LED die would require a 1.8x1 .1 nom^ area using a 
rectangular geometzy for the submount The largest extent of this submount is a diagonal 
equal to (1.8' + l.l-)"' = 2.11 nun. which puts a lower limit on the diameter for the 
idlector cup. Instead, if the submount Is shaped as a disk, the larg^ extent of the 
submount is merdy 1.8 mm. Thus, a disk-shaped submount allows for a slgnlflcanc 
i^uction in rdlector cup diameter. Because circular cuts can be difilcult to manufacture, 
other geometrical shapes which approximate circular disks arc preferable. For example, 
hexagonal submounts may be fabricated by multiple-pass sawing (three passes Instead of 
two) and are preferable to square or rectangular submounts. These ideas are illustrated in 
Figure 16. The reflective metallization on top of the submount should be as specular as 
possible, so as not to create a virtual source in the plane of the submount which is larger 
than the LED die. A virtual source size larger than the LED die would have a deleterious 
effect on the radiation pattern of the LED and require larger optics to ccHrect. 

The submount shown in Figures 6b, 9b, and 12b, allows for electronic 
functionality within the LED. m-riitride devices are susceptible to dectro-statlc discharge 
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(BSD) damage and may be protected by a power shuntiog element electrically comiected to 
the LED as described in Antle et. aL US PATENT NO. 5,941.501. For the piesent 
Invention, a Si submount may be embedded with circuttry for integrated BSD protection. 
In this case the protection circuits. e.g. a Zener diodes, are cormected in parallel with the 
L£D die. Alternatively, back-to-back Zener diodes may be fabricated in paraDcl with the 
LED die to allow the LED to be driven by alternating-current power supplies. Other 
electronic devices may be Included within the submount. e.g. pbotodetectors for 
monitoring light output or resistors for monitoring current and/or voltage. These devices 
will allow an integrated system to provide closed'loop feedback control for maintaining 
constant 1ight*output operation. 

A submount provides for an LED based on multiple series-interconnected light- 
emitting diodes In a monolithic structure as shown in Figure 1 7a. The assembly has four 
serially connected IWs that are electrically isolated via etching to remove ni-nitride 
material to form a trench 80 between them* The etching innoceeds to at least the undoped 
m-nitride layers. The electrical interconnections are provided by metallic traces 81 laid 
out on the submount (not shown). The solder metallization is designed so that the diodes 
are electrically cormected to the submount metallic traces via the solder. The resulting 
device may be represented by the electronic circuit shown in Figure 1 7b. This device thus 
operates at 4x the voltage, and 4x less current, than a conventional LED of the same active 
junction area. For example, a 1 mm^ conventional m-nltrlde LED may operate at 3.0 V 
and 330 mA. This same active Junction area, broken up into four series-tntercoimected 
LEDs as shown in Figure 17a. provides a device operating at 12.0 V and 87.5 mA. This 
higher voltage, lower current operation places less demand on the electronic driver circuit 
for the LED. In fact, the electronic driver circuit can run at higher cfliclcncy at higher 
voltages, improving the overall efficiency of the LED lighting system. This embodiment a 
monolithic device, is preferred over a conventional approach of attaching individual LED 
die in series. In the conventional approach, the total area taken up by the LED die is 
increased because of the tolerances required by die^attach machines. This undesirably 
increases the optical source size of the total LED and requires an increase in subsequent 
optics sizes in the UBD s}^tem. In the preferred embodiment, the diodes may be spaced as 
close together as allowed by the trench etching for electrical isolation. The trench width 
may be as small as a few microns, so that the packing density' of diodes in the embodiment 
can be very high. As shown in Figure 18, the four 1 mm^ I£D die are monolithically 
fabricated and share a single superstrate and submount. the metal traces 81 on the 
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submount electrically connect the four LEDs in series. While each 1 mm- LED normally 
operates at 3V, the four serially-connected LED module in Figure 18 operates at 12V. The 
submount design is hexagonal to reduce the cDcctlvc optical souicc size of the module. 
Tbt trace metallization 81 is used for wirebonding for external connection and consists of a 
reilective metallization, e.g. Ag or Al. 

Light extraction efllclency may be further impnn^ed by placing the active region 
hytis near the highly reHectivc p-clcctrodc. When the center of the active region is 
brought within approximately an odd multiple of quarter-wavelengths of light within the 
material (- k/4n) from the reflective p-electrode, constructive interference of the downward 
and upward travelling light results in a radiation pattern that emits power preferentially in 
the upward direction. This enhancement is in a direction close to normal to the m- 
nitride/substrate and is not susceptible to total interna] reflection back into the m-nitride 
epi layers. Akemadvcly. slight detuning of the resonance condition, by moving the active 
region slighUy closer to (or farther from) the p-electrode reflector, may be preferred to 
optimize the light extraction improvement for total flux In all directions. For maximum 
elDciency in most applications, the distance between the active region and the p-electrode 
should be approximately' one quarter-wavelength. 

Figure 19 Illustrates a process flowchart for fabricating the LED die. In step 91, a 
m-nltride hetcrostructure is deposited on a growth substrate. In step 92. contacts arc 
applied to the m-nitrlde beterostiucture, etching if necessary. The p-contact is opaque and 
electrically connected to the p-type layer while the n-contact is electrically connected to 
the n-type layer. In optional steps 93 axid 94. an intermetal dielectric is applied over at 
least the n-contact in regions where the n-contact interposes the p-contact and a sheet 
reOector is applied respectively. In step 95, an optional barrier layer is applied to protect 
the contacts and reflector from solder. In step 96. solderable metals are applied. In 
optional step 97, the solderable metals are patterned. In step 98, dielectric is applied to 
define the solderable areas. In step 99, the dielectric is patterned. The LED die may be 
attached to the submount after step 97 or $t^ 99. 

Figure 20 illustrates a process flowchart for attaching the IW to the submount In 
step 100, solder is applied to the submount waJer. In step 101, a Joint is formed between 
the LED die and the submount. In optional step 102, underfill is dispensed between the 
LED die and the submount. In step 103. the submount wafer is separated. In stq> 104, 
the die and submount are attached to the package. 
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Alternatively, step 105 is completed in Ilea of steps lOO, 101, and 102. In step 
103, solder is applied to the 1£D. In step 106, a joint is fonned between the LED die and 
the submount waiter. In optional step 107. underilll is dispensed between the LED die and 
submount 
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Claims 

We claim: 

1. A method for fabricating an Inverted light emitting de\ice comprising the steps 

depositing a Ill-nitride heterostructure on a growth structure; 

forming a p and an n electrode, eiecolcally connected to the respective contacting 

laj'cn 

applj*ing barrier layers: 

preparing the ni-nitride heterostmcture; and 

attaching a submount to the device. 

2. A method, as defined in claim 1, whexein the step of attaching the submount 
includes: 

applying solder to the submount wafer 

fonning a Joint between the lU-nitiide heterostructure and the submount wafen 
dicing the submount wafer: and 
attaching the submount to the padcagc. 

3. A method, as defined in daim 2, wherein the step of attaching the submount 
further comprises the step of dispensing underfiU between the IH-m'tride heterostnicture 
and the submount wafer prior to the step of dicing the submount wafer. 

4. A method, as defined in claim 2, wherein the step ctf lbrmlng a Joint comprises 
the step of fonning a eutectic bond between the lU-nitride heterostructure and the 
submount. 

5. A method, as defined In claim 2, wherein the step of fonning a joint comprises 
the step of fonning a solder joint between the Ill-nltride heterostructure and the submount 

6. A method for fabricating an inverted light emitting device, as defined in claim 1 , 
wherein the step of attaching comprises the steps of: 

appljnng solder to the Ill-hltride heterostructure:. 

dicing the submount wafer 

attaching the submount to the package; and 



21 



<S9) )01-237458 (P20 0 1-5^5 



rorxxiing a joint between the m-nitiide heterostracture and the submount 

7. A method, as defined in claim 6. further comprtsing the step of dispensing 
andeifii] between the IH-nitride heterostructute and submount 

8. A method, as defined in claim 6, wherein the step of forming a Joint comprises 
the step of forming a eutectic bond between the ni-nitride beterostructure and the 
submount 

9. A method, as defined in claim 6. wherein the step of forming a joint comprises 
the step of forming a solder joint between the m-nitride heterostracture and the submount 

10« A method as defined in claim 1, further comprising the steps of: 

depositing an intermetal didectdc to electrically isolate the p and n-electrodes: and 

applying e sheet reOector; 

whei«ln the steps of depositii:^ an lotermetal dielectric and applying a sheet 
reflector precede the step of applying barrier 

11. A method, as defined in dalm 1. wherein the step of preparing the m-nitride 
heterostracture comprises the steps of: 

applying solderable metals to the ID-nitride heterostracture; and 
imtteming the solderable metals. 

12. A method, as defined in claim 11, further comprising the steps of: 
applying a dielectric; and 

patterning the dielectric. 

13. A method^ as defined In claim 1, wherein the step of preparing the m-nitzide 
beterostructure comprises the steps ol: 

applying solderable metals to the m-nitride heterostracture; 
applying a didectric; and 
patterning the dielectric. 
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Abstract 

The present invention is an Inverted ni-nitride light-emitting device (LED) with 
enhanced total light generating capability. A laigc area device has an n-electrode that 
interposes the p-dectrode metallization to provide low series resistance. The i>^ectrode 
metallization is opaque, highly reflective, and provides excellent current spreading. The p- 
electrode at the peak emission waivdcngth of the LED active region absorbs less than 25% 
of incident light per pass. A submount may be used to pcoviit electrical and thermal 
connection between the LED die and the package. The submount material may be Si to 
provide electronic functionality such as voltage-compliance limiting operation. The entire 
device, including the LBD-submount interface, is designed for low thermal resistance to 
aflow for high current density operadon. FtaaDy. the device may include a hlgb-relractlve- 
index (n > 1.8) superstrata 



